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Abstract 



in 

ji^, We demonstrate that almost degenerate Dirac neutrinos of mass of the order 

Q I of a few eV and transition magnetic moment of the order of 10~^^ can be 

^ ■ obtained in an SU{2)^ x t/(l)y model with S3 x Z3 x Z4 discrete symmetry 
and appropriate Higgs. Transition magnetic moment of the Dirac neutrino 

■ arises from the contribution of leptons and charged Higgs fields at the one 

rS ' loop level. 



Three possible scenarios of neutrino masses have been proposed by Cald- 
well and Mohapatra [1] which can simultaneously reconcile the solar [2] and 
atmospheric [3] neutrino deficits on earth as well as the apparent need for 
neutrino as a hot dark matter component [4] . Two of them contain a sterile 
neutrino besides the three neutrinos i^e, and Vr- The scenario, which does 
not contain any sterile neutrino, requires the three neutrinos z/g, z/^ and to 
be almost degenerate in mass of the order of 2-3 eV. Furthermore, the recent 
results from the chromium (^^Cr) source experiment [5] carried out by the 
GALLEX collaboration imphes interesting limits on the parameters Am^ and 
sin^29 describing the neutrino flavour oscillation. Values of Am^ > Q.lleV'^ 
for maximal mixing and of sin'^26 > 0.38 for Am^ > 1 eV'^ are ruled out 
(at 90 %c.l.) [6]. Another result from Bugey [7] sets the minimum excluded 
values of Am^ and si'n?20 are 1 x 10~'^eV^ and 2 x 10"^ (at 90 % c.l.) re- 
spectively. Although the recent experimental results have strengthened the 
conjecture of the neutrino flavour oscillation, but the phenomenon is yet to 
be estabhshed [8] . 

Assuming the neutrino flavour oscillation, the hierarchy of the masses 
of the three neutrinos is proposed on the phenomenological basis [9, 10] as 
"^^1 = iTT-o^: rnl^ = mj^ + A21, and ml^ = nio^ + A32 + A21 with mo^ >> 
A21, A32 where Aij — m^,;^ — m,^^.^. Moreover, if — > t'/* and — > i/j- oscil- 
lations are assumed to be responsible for the solar and atmospheric neutrino 
deflcits respectively, then IA32I >> |A2i|. The degeneracy between the three 
generations is lifted due the presence of Ajj terms which are expected to 
be small. The small Majorana neutrino mass of the order of few eV can 
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be realized through the introduction of intermediate or large (GUT scale) 
mass scale [11] emerging from the symmetry breaking of the model through 
the standard see-saw mechanism [12]. However, the Dirac neutrinos are ex- 
pected to be heavy (as the masses of the Dirac neutrinos are proportional 
to the electroweak symmetry breaking scale) unless the associated Yukawa 
couplings are exteremely small. 

Another interesting aspect of neutrino physics is to accommodate large 
magnetic moment of the order of 10~^^ /jLb as suggested by Okun, Voloshin 
and Vysotsky [13] in order to explain the anticorrelation between the Sun 
spot activity and the observed solar neutrino flux on earth. The bound 
obtained for the neutrino magnetic moment from the laboratory experi- 
ments of z/gC scattering (< 1.5 x lO"^'^^^^) [14], which has been corrected 
to (< 4 X 10~^°//b) [15], is just below the above mentioned value. From the 
astrophysical consideration of steller cooling, a much more stronger limit is 
derived {/jii,^ < (0.3 — 1.0) x 10~^^ /jIb) [16]. In order to explain the solar 
neutrino deflcits, two types of oscillations are suggested [17, 18]. The first 
one ^eR, IS Supported due to the apparent anticorrelation between 

the Sun spot activity and the observed neutrino flux on earth, however, this 
is in conflict with the observation of SN1987 A data for the energy loss of 
the supernova burst [19]. The other scenario, which assumes the oscillation 
of {^j!'Y seems to be a much more reasonable choice, since it has no 

severe bounds from the observation of SN1987 A as well as nucleosynthesis. 

In the present work we demonstrate that, within the framework of Stan- 



3 



dard SU (2)^ xU{1)y model with S^xZ^x Z4 discrete symmetry, right-handed 
neutrinos and appropriate Higgs fields, almost degenerate Dirac neutrinos 
and a large transition magnetic moment 10~^^/xb can be achieved through 
the incorporation of the two widely different lepton number symmetry break- 
ing scales. Our present model admits light degenerate Dirac neutrinos of 
mass of the order of 1 eV, contrary to the expectation of heavy Dirac neutri- 
nos, through the effective coupling of the Higgs fields. The first and second 
generations are completely degenerate in mass and the third generation can 
also be made almost degenerate with the others through some appropriate 
fine tuning of the model parameter. The large transition magnetic moment 
[veL ~^ ^fin)-: consistent with the phenomenological bounds from SN1987 A 
and nucleosynthesis as metioned earlier, arises due to the quartic couplings 
of the Higgs fields through the charged Higgs exchange at the one loop level. 

We concentrate on the leptons and Higgs fields of the model. The lepton 
content in the present model is as usual 

kL{2 -1,1) ,i^.ij(l,0,l) (1) 

where i=l,2,3 is the generation index. The following Higgs fields are consid- 
ered with the Vacuum Expectation Values (VEV) as indicated 

0,(2,1,0)= (°),r;,(l,0,x) = % (2) 

where i — 1,...5 and j — 1,..4 are the number of the Higgs doublets and 
singlets respectively. The last digit in the parenthesis represents lepton num- 
ber L{— Le + + Lt). The lepton number of the singlet Higgs fields is 
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arbitrary non-zero number since, the singlets do not couple with the leptons 
at the tree level due to the discrete -Z3 x Z4 symmetry incorporated in the 
model. In this sense, our present model is different from the well known CMP 
majoron model [20]. However, the present model also admits spontaneous 
lepton number violation through the development of non-zero VEV's of the 
singlet Higgs fields like the CMP majoron model. 

The leptons and the Higgs fields transform under discrete S3 x Z3 x Z4 
symmetry as follows: 

i) S3 symmetry : 

{iiL, hb) —>■ 2, 13L — ^ 1, {l^^lR, ^cr) 2, Vt-r 1, 

(Cil, Hr) ^2,Tr^ 1, 01 ^ 1, 02 ^ 1, 03 1, 

(04, 05) ^ 2, ?7i ^ 1, r]2 ^ 1, r/3 ^ 1, ??4 ^ 1 (3) 

ii) Z3 X Z4 symmetry: 

t^TR t^TR, {eR, I^r) iuj{eR, ij,r),tr iujtr, 0i 0i, 

02 a;02, 03 -ico*h, (04, 05) -ia;*(04, 05), 

r]i iujTii, r]2 iuj'^m, Va ^ -^Va, ^ -iuj*r]4 (4) 
where oj — e 3 . 



The present model admits only the Dirac neutrino mass terms. The 
discrete symmetry prohibits the Majorana mass terms in the lepton-Higgs 
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Yukawa interactions as well as gives rise to some vanishing elements in the 
Dirac neutrino mass matrix (at the tree level). We also discard any explicit 
lepton number violating terms in the present model. The purpose of incor- 
poration of 5*3 permutation symmetry is to generate the equality between the 
Yukawa couphngs and VEV's of the Higgs fields in order to get degenerate 
neutrino masses. Several other interesting applications of symmetry have 
been investigated in the context of quark mass matrices and CP phenomenol- 
ogy [21]. The Higgs field (pi couples with the neutrinos and is prohibited to 
couple with the charged leptons. The 02 Higgs field, although neither couples 
with the neutrinos nor with the charged leptons directly, but, gives rise to 
small degenerate neutrino masses through its coupling with the (f)i, rji and r}2 
Higgs fields. The purpose of incorporation of 03 Higgs field, which couples 
with the charged leptons, is to generate large transition magnetic moment 
through the coupling with 0i, r/3 and 774 Higgs fields similar to the diagram 
given in Ref.18. The doublet (04,05) is necessary to achieve non-degenerate 
charged lepton mass matrix. It is to be noted that, without the doublet 
(04, 05), the charged lepton mass matrix will also becomes degenerate, which 
is unphysical. The four Higgs singlets are necessary to achieve the lepton 
number invariant terms in the Higgs potential and we will show that they 
play an important role to generate small Dirac neutrino masses and large 
transition magnetic moment. 

Another interesting feature in our present model is that the absence of 
coupling at the tree level between the majorons (generating due to the de- 
velopment of non-zero VEV's of the singlets through spontaneous lepton 
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number violation) and the right-handed neutrinos forbids the neutrino de- 
cays {ufi — > uiJ) and/or annihilation of neutrinos {ui/ J J) which leads to 
a longer life time of the neutrinos so that the neutrinos could be a relevant 
part of the dark matter [22] . 

The most general renormalizable Higgs potential, respecting S^x Z^x 
discrete symmetry, in the present model can be written as 

V^V{cl>i)+V{rjj) + V{cl>i,r]j) (5) 
Explicitly the terms are given as foUws : 

3 3 
i=l i=l 
Al4[(0i04)' + (405)'] + Ai(0l0i)(402) + A2(0l0l)(403) + 

A3(4l0l)(404 + 405) + A4 (0^02) (0^03) + A5 (0^02) (0104 + 0^05) 

+ A6(0i03)(0i04 + 0i05) 

+A7(04050403 + 03040504 + 05040503 + 03050405) (6) 

^(0> V) = [Y1 ^ii(0l0i)(?7l?7j) {withXij = Asi) + A'(0l02?72^i + r/t?720^0i) 
1=1, ..5 

+ A(0l03^3^4 + ?74^3030l) + A"(0^03?72?73 + ^3^20302) (7) 

where we have neglected V{r]) part of the potential, since, it is not necessary 
for our present analysis. Substituting the VEV's of the Higgs fields in Eqn.(6) 
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and (7) and minimizing with respect to vi, we get 

V. - -f (8) 

with 

B = {X'v2k2ki + Xv3k:ik4) 
A = -ml + Xivl + X2VI + Xsivl + vl) + Xukl + X^kj + Xi^kl + X^kj 
where we have neglected /ii term for simphcity. 

On simphfication of Eqn.(8), we obtain 

X'v2k2ki + Xv^k2,k4^ 

vi = (9 

mi 

assuming m\ is much larger than all other A's appeared in the denominator 
of Eqn.(8). It is to be noted that the above assumptions do not lead to any 
drastic changes in the result of our present analysis. Similarly, minimizing 
the Higgs potential with respect to V2 and V3, we get 

X"v2,k2k2, + X'vik2ki , , 

V2 = -2 (10) 

m2 

and 



Xvikzki + X"v2k2k3 ^ , 

mi 

We further consider that V3 — 0, and, thus, from Eqn.(9) we get 



X'v2kik2 

vi = 2 — 12) 

mf 
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It is to be noted that the quartic couphng A', which generates large magnetic 
moment, will also contribute to the neutrino masses unless we choose ^3=0. 
However, our choice is not unnatural [18],infact, by an orthogonal transfor- 
mation between the 03, 04 and 05 Higgs fields, the vacuum structure can 
be arranged consistently with the choice — 0. Furthermore, we infer the 
hierarchy of the VEV's of the Higgs fields as 

h, ki'>Vi> ki, k2 (13) 

because of the fact that the VEV's of the singlets associated with A term 
should be much more larger than the VEV's of the singlets associated with 
A' term to yield large magnetic moment and small neutrino masses. Thus, 
it is necessary to incorporate two widely different lepton number symmetry 
breaking scales, two of them (~ ITeV) are much above the electroweak sym- 
metry breaking scale and the other two scales (~ lOOGeF) are near to the 
electroweak scale. Moreover, all the lepton number violating processes at low 
energy (such as ^ eee, n 67, Kj^ — >• (xe etc.) are highly suppressed due 
to the small mass squared differences of neutrinos. Such type of scenario has 
been investigated in Ref.23 in the context of Baryogenesis. 

The most general 5*3 x Z3 x Z4 discrete symmetry invariant lepton-Higgs 
Yukawa interaction, in our present model is as follows 

-Ly = [hihL^nR + hhT^eR) + f2kLl^TR](pl + QlikheR + l2Ll^R)(p3 + 
g2(hLrR(f)4 + l2LrR(l)5) + 5'3^3LTii03 + 5'4(^3LeR04 + ^3LA«ii05) + 

gb{kLlJ^R(t>i + kLeR4>5) + h.c. . (14) 
9 



Substituting the VEV's of the Higgs fields in Eqn.(14), the Dirac neutrino 
mass matrix turns to be 



/O a 
a 

Vo e« 



) 



(15) 



where a = fiVi, ^ = ^■ 
It is to be mentioned that the mixing between the third and the other two 
generations has made zero (at the tree level ) by choice and this is in agree- 
ment with the ansatz for in Ref.l. The non-zero contribution to the 
vanishing elements of arise at the one loop level and gives rise to a 
very small mixing angles consistent with the present experimental limits as 
mentioned earlier. Diagonahzing M^, we obtain the mass eigenvalues of the 
three Dirac neutrinos as 



Thus we see that the present model admits two degenerate Dirac neutrinos 
and the degeneracy between rrii,^ and rriuj^ or mi,2 is lifted due to the presence 
of the factor ^. We will estimate the value of ^ from the knowledge of the 
experimental data of atmospheric neutrino, in the following. Substituting 
Eqn.(12) in Eqn.(16), we obtain the mass of the two degenerate Dirac neu- 
trinos as 



(16) 



(17) 



/lA' 



'V2kik2 



(18) 



m, 



— m, 
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For a generic choice of model parameters V2 = 100 GeV, ki = k2 = 100 GeV, 
mi ~ 1 TeV and /i ~ 1 we obtain m,^^ = m,^^ = 1 eV for A' ~ 10~^. Such 
a small couphng is also consistent with the other area of investigations [24] . 
However, the model contains a tiny parameter space and there is not much 
freedom in the variation of model parameters. In particular, V2 is restricted in 
the range (100 - 250) GeV and, although ki, k2 can be varied in a wide range 
but, to yield small neutrino masses, ki,k2 > 100 GeV [18, 22]. The Yukawa 
coupling fi and the coefficient of the Higgs potential A' are less than equal to 
unity in order to satisfy the unitarity bound. The mass of the neutral Higgs 
boson mi is restricted within the range (65.1 GeV - 1 TeV) where the lower 
bound comes from the results of four combined experiments at CERN [25] 
whereas the upper bound is also due to the unitarity of the theory. 

The ^ factor, which lifts the degeneracy between the three neutrinos ,can 
be determined from the atmospheric neutrino problem. The hierarchy be- 
tween mo and rrius is manifested from the value of A32 = nT^oi^^ ~ !)■ For a 
typical value of A32 ~ 4 x 10~^ eV'^ [7] which can explain the atmospheric 
neutrino deficit, we get ^ ^ 1 and thus, from Eqn. (17), we obtain m^^ ~ mg. 

The present model admits a large transition magnetic moment due to the 
presence of the quartic coupling term A(0| 03773774 + rjlr)3(j)l(f)i) in the Higgs 
potential through charged Higgs exchange at the one loop level. Similar di- 
agram has also been obtained in Ref.18 in which the internal fermion lines 
are not ordinary leptons, contrary to the present model. The contribution to 
/it, in the present model is given by (in the weak basis) 
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e niekskiX , , 

~ ^2 +2 (19) 

where mj^ , mj^ are the masses of the charged Higgs bosons. With the 
following choice of model parameters consistent with the present experimen- 
tal limits [25] mj^ ~ 200 GeV, m^^ ~ 100 GeV, h h 1 TeV, present 
experimental bound on fx^, < lO^^^fXB can be obtained for figiX ~ 1. 



It is to be noted that the A term, which contributes to the neutrino mag- 
netic moment, cannot contribute to the neutrino masses due to our choice 
of f3 = and, hence, the lepton number breaking scales,which are much 
higher than the electroweak scale, do not give rise to any contribution to 
the neutrino masses. Similarly, the A' term of the Higgs potential which 
generates small neutrino masses is prohibited to contribute to the magnetic 
moment due to the discrete symmetry incorporated in the model. Thus, by 
decoupling the two sets of widely different lepton number symmetry breaking 
scales, it is possible to achieve small degenerate Dirac neutrinos ~ 1 eV and 
large transition magnetic moment ~ 10~^^/Ub in the present model. Further- 
more, — > i^nR flipping in the magnetic field of the Sun requires the mass 
splitting A21 < 10~^ey^ [26]. In the present model A21 vanishes due to the 
degeneracy in mass between i/g and z/^. However, a small mixing (which in 
turn generates non-zero A21) can be obtained from the one loop level and is 
expected to be well within the present experimental limit. 

In summary, we demonstrate that Standard SU{2)l x U{1)y model with 
S3 X X Z4 discrete symmetry, right-handed neutrinos and appropriate 
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Higgs fields can give rise to small degenerate Dirac neutrinos ~ 1 cV which 
can simultaneously reconcile the solar and atmospheric neutrino deficits as 
well as the candidature of the neutrino as a hot dark matter, through spon- 
taneous lepton number violation at two widely differnt scales. The first 
two generations are completely degenerate to each other due to our choice 
of discrete symmetry while the third can also be made almost degenerate 
with the first two generations through some reasonable fine tuning of the 
model parameter ^. The present model also admits large transition magnetic 
moment ~ 10~^^//b consistent with the present experimental limits due to 
the charged Higgs exchange at the one loop level through the oscillation of 
^eL — ^ i^nR-i which seems to be a reasonable choice for the solution of the 
existing anticorrelation between the Sun spot activity and the observed neu- 
trino fiux on earth but evades the constraints from the SN 1987 A data and 
nucleosynthesis. 
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